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Measurementsofaerodynamicheattransferhavebeenmadeatseveral
stationsonthe15° totalangleconicaJnoseofa rocket-propelledmodel
infreef13ghtatMachnumbersupto5.2. Dataarepresentedfora range
oflocalllachnumberjustoutsidetheboundarylayr fromL 40t 4.65
anda rangeoflocalReynoldsnumberfrom3.8 x l&046 ~.5x 10, based
onlengthfromthenosetiptoameasurementstation.

Lsminsr,transitional,andturbulentheat-transfercoefficientswere
measured.Thelaminardatawereinagreementwithlsminsrtheoryfor
cones,andtheturbulentdataagreedweU withturbulenttheoryforcones
usingReynoldsnumberbasedonlengthfromthenosetip.

Ata nesrlyconstantratioofwalltolocalstatictemperateof1.2,
theReynoldsnmberoftramitionticreasedfrom14x 3.06 to x x -@ as
Mach numberincreasedfrom1.4to2.9andthendecreasedto17x 106X
Machnumberincreasedto3.7=-~-..

AtMachnumbersneax3.5, tra&~tionReynoldsnunbersappesredto
beindependentofskintempera~.qeatsldntemperaturesverycoldwith
respecttoadiabaticwalltemperature:

ThetransitionReynoldsnumberwas17.7x 106ata cond3.tionofMach
numberandratioofwalltolocalstatictemperaturenew thatfortich
three-dimensionaldisturbancetheoryhasbeenevshatedandhaspredicted
laminsrboundary-layerstabilitytoveryhighReynoldsnumbers(-U3E).

l!M&kii~3. —..—.——.————. ...—. .— ——.—_ ——.——...—
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INTRODUCZUON .

fortheinvestigationofaerodynamicheattrahsferand
transitiononbodiesinfreeflightathighsupersonic

speedsisbeingconductedbytheLangleyPilotlessAircraftResearch
Division..Theftistresultsofthisprogrsmweremeasurementsoftur-
bulentheattr-fer atsinglepointsona parabolicnoseandontwo10°
totalangleconicalnosesatMachnumbersnear4 (refs.1 and2)andon
amodifiedvonK&m& noseshapetestedtolhchnmber10.4(ref.3).

Afterthedevelopmentofa systemforcmmnutatingandtelemetering
thermocouplemeasurementsofskintqeratuzeatsevera3pointsona
body,laminsrandturbulentheat-transferdataweremeasuredatsix
stationsona parabolicbody(NACAR&lo)atMachnmkrs upto4.2
(ref.4),andona U)”totalangleconicalnoseatMachnumbersupto
about~ (ref.~).

Thepurposeofthepresenttestwastoinvestigatetheheattransfer
andlocationoftransitionona sharpl~”totalangleconeatMachnum-
bersupto7, bymeansofskin-temperaturemeasurementsatseveralsta-
tionsalongtheconicalnoseofa three-stagerocket-propelledmodel.
Becauseofa partial.telemeterfailure,skin-temperaturedataendedat
a timeabouthalfwaythroughburningofthefinalpropulsionstage,that
is,ata Machnmberof5.2.Othertelemetereddatawereobtaineduntil
a shorttimeafterthepeakMachnumberof7.3.

Skin-temperaturemeasurementswereobtainedatninestationsalong
the31-inchnoseofthemodel.Lsdnar,turbulent,andtransitional
heat-transferdataandtransitionRe~oldsnumbersweremeasuredduring
thetestwhichcovereda rangeoflocalMachnumberjustoutsidethe
boundarylayerontheconefroml.klto4.65 anda rangeoflocalReynolds
numbers@sealonlengt>fromthenosetiptoa tiasurementstationfrom
3.8x @ -h 46.5x K@.

ThefJ3ghttestswereconductedat-
ResearchStationatWallopsIslsnd,Va.

SYl@ULs

A area,sqft

%? localskinfrictioncoefficient

theLangleyPilotlessAircraft

Stantonnumber, h
@pPvvv
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specificheat

specificheat

gravitational

ofairatconstantpressure,Btu/lb-OF

ofwallmaterial,Btu/lb-OF

cOmtat, 32.2ft/sec2

localaerodynamicheat-transfercoefficient,Bt@&-sec-%

mechanicalequivalentofheat,ft-lb/Btu .

thermalconductivityofair,Btu-ft/ft2-8ec-OF

thermalconductivityofwaU,material,

Machnumber

Prandtlnumber,g~vp

Btu-ft/ft2-sec-OF

quantityofheat,Btu

Reynoldsnumber,pvx/~

Taw- Tvrecoveryfactor=
TBO- Tv

temperature,%, exceptasnoted

ttie~sec

velocity,ft/sec

distancealongnosesurfacefromtip,ft

Stefau-Boltzmanconstant,4.8 x 10-13~/sec-ft2-%#

ratioofemissitityofskintoemissivityofa blackbody

densityofair,slugs/cuft

densityofwallmaterial,lb/cuf%

thicknessofwaU, ft

viscosityofair,slugs/ft-sec
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aw sdiabaticwall

o undisturbedfreestresmaheadofmodel

so stagnation

v local.conditionjustout’sidetheboundarylayer

w

tr conditionatbegjhmingoftransition

MODELANDTESTS

Themodelw a bodyofrevolution7* feetlongwitha conicalnose,
6

a cytitiicalmidsection,andconicalflarere~d section.15gurel(a) ‘
isa photographofthemodel,andpertinentdimensionsme giventifig-
urel(b).The15° totalangleconicalnosewas31incheslongandcon-
sistedofa spun~conelskinapproximately0.027inchthickwitha
stainless-steeltip,hollowedoutasindicatedinfigure1(b)andwelded
totheconicalsldn.Theradiusofthepointofthenosetipwasapproxi-
mately0.010inch.Theexteriorsurfaceoftheentirenosewashighly
polishedandthesurfaceroughness,asmeasuredbya PhysicistsResearch
companyprofilometer,wasfrom6 to10microinchesrootmeansquare.The
8.~-inch-dismetercylindricalsectionandthe10°half-angleconicalflare
weremadeofrolledInconel.Theflareskinwasbackedbybalsawoodto
maintainitsshape.

Twochannels,3/4 inchwideby1/4inchhigh,werelocatedexternaUy
onoppositesidesofthecylindricalpsrtofthebodytoprovidecable
conduitsfromthetelemeter.inthenoseofthemodeltothebaseofthe
flarewherethepowerplugsandantennawerelocated.

Thepropulsionsystemconsistedoftwoboosterstages,eachbeing
anM-5JATOrocketmotor,anda T-b sustainermotor.Becausethesus-
tainermotorwastofireathighaltitude,itwasequippedwitha special
nozzledesignedtoexpandtheexhaustgasestothestaticpressurefor
~,0~ feetEIltittie.A photographofthemodel-boostercombinationon
thelauncherisshowninfigure1(c).

Themodelwaslaunchedatanelevationangleof70°.Thefirst .
boosteracceleratedthecombinationtoaMachnumberof1.47,whereit
dragseparatedatburnout.Thesecond-stageboosterandthemodel,which
werelockedtogether,coasted_ds fora predeterminedtimeuntXlthe .
second-stageboosterignitedandacceleratedthemtoaMachnumberof4.2.

—.
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Aftera three-secondcoastingperiod,thesustainermotorfiredandits
. blastcauseddisengagementofthesecond-stagebooster.Thesustatier

motoracceleratedthe’modeltoallachnumberof7.2.

Duringthetest,skintemperaturesalongtheconicalnoseweremeas-
uredbymeansofthermocou@esatpoints6.5,9.5,U, 12.5,14,15.15,
17,25,and29inchesfromthenosetip. (Thermocoupleslocatedat
8 inchesand21inchesfailedtorecord.)Thethermocoupleswae no.~
chromelalmelwireandwerespotweldedtothe~ide surfaceoftheskin
atthemeasurementstations.Thethe~couplereadingssndthreerefer-
encevoltages(supp”liedbymercurycells)werecommutatedandtransmitted
bythetelemeterb thenoseofthemodel.Thecommutationratewassuch
thatthetemperatureateachstation- recordedevery0.2second.The
threerefe;encevoltages,alsorecordedevery0.2second,werechosen
equivalenttozeroscale,halfscale,smdfdll-scaleofthethermocouple
temperaturerange,andthussuppliedaninflightcheckforthecalibra-
tionofthetemperaturemeasurementsystem.

Thrustsndtiagaccelerationwerealsotelemetered,andslthoughthe
telemeterchsmnelcsrryzlngthetemperaturemeasurementsstoppedtransmit-
tingduringfiringofthesustaimermotor,theaccelerometerchsme~ con-
ttiuedtotransmituntila timeshortlysfterburnoutofthesustainer

L motor●

VelocitydatawereobtainedbymesmsofCWDopplerradsxsndthe
altitudeaudflight-pathdataweremeasuredbyanNACAmodifiedSCR584
trackingradar.ThemodelwentotiofrsngeoftheCW@pplerradsrjust
beforeburnoutofthesustainermotor,andWpplervelocityUta were
extendedtothetimeoftelemeterfailurebyintegrationofthetelem-
eteredacceleration.Atmosphericandwindcontitionsweremeasuredby
meansofrsdiosondeslaunchednew thethe offlightsndtrackedbyan
AN/GMD-lARawinset.

Figure2 showstimehistoriesoftheflightMachnumberandthefree-
stresmReynoldsnumberperfoot.Thevariationofaltitudewithtimeis
showninfigure3.

DATARED’UUIION

Thetimerateofchangeofheatwtthintheskinata givenstation
ontheconicalnosecanbewritten

-c

(1)

-. -. -—--— .—- —-. -— —— — .-—. — .—— . . .. . ..——
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Thisequationneglectsheatabsorbedbytheskinfromsolxmradia-
tionandheatradiatedbytheskimtotheinnerradiationshield.Esti- .
matesshowthateachofthesefactorsisnegligibleforthetestcon-
ditionsand,furthermore,theireffectsonthedeterminationoftheheat-
transfercoefficientarecompensating.

Thelasttermontheright-handsideofequation(1)representsthe
heatflowduetoconductionalongtheskdn.Computationshowedthatthe
effectofconductionontheaer&lynamicheat-transfercoefficientwas
alwayslessthan2percent{generaUymuchless);therefore,the@t
termwasdisregarded.

expressionfortheaerodynamicheat-transfercoefficientisthen

(2)

Expertientalwluesof h weredeterminedateachstationforseveral
timesduringthetestbyusingthemeasuredskintemperatureTw and
therateofchangeofsldntenpraturewithtimecYP_w/dtinequation(2).
Otherparametersintheequationweredeterminedasfollows.

TheSW thicknessesT weremeasuredateachStationandthe
densityofInaonel,*, wasknown.Thevariationof ~, thespecific
heatofllmmel,isgiveninreference1 forthetemperaturerangeX“ F
to953°F. TheemissivityE wasconsideredtobe0.3,sincerefer-
ence6 showsthatforunoxidizedInconeltheemissivityvariesonly
slightlyfromthisvalueforthepresentrangeofskintemperature.It
maybenotedthattheradiationterpinequation(2)contribtiedless
than5 percentofthetotalvalueinthedeterminationof h inmost
cases,andlessthan15percentinallcases.Theadiabaticwalltem-
peratureTaw wasobtainedfromtherelation

Taw= (R.F.Tso )
-Tv +Tv (3)

withrecoveryfactorequalto Prl/3forturbulentflowandto F@/2
forlsminarflowwith Pr evaluatedatwalltemperature.Tv was
obtainedfromtheconical-flowtables(ref.7)withconeangleandfree-
streamtemperatureandMachnumberlmown.ThestagnationtemperattieTso
wasdeterminedfromtheener~equation

.

——. ————.— —— —
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Valuesoftheintegralinequation(4)
reference8.

Afterh hadbeen
conditionsjustoutside

Cpm

wereobtained

determined,theStanton
theboundarylayer,was

(4)

fromtableI of

number,basedon10CSL
calctitedfrom

(5)

Thespecificheatofairat Tv waaobtaimedfromreference9. Vslues,
of pv and Mv weretiterminedfromtheconical-flowtables(ref.7)
withtheconeangleandfree-streamcotitionslmown;valuesof Vv were.
computedfrom~ and Tv.

RESULTSANDDISCUSSION

SkinTemperatureTimeHistories

Sldntemperaturesmeasuredattheforwardstation(6.> inchesfrom
thenosetip)andattherearmoststation(29.0inchesfromthenosetip)
areshowninf*e 4(a).Priorto14.3seconds,whenthesecond-stage
boosterfired,thechangesinskintemperatureweresmsXl;butsf’terthis ‘
time,theSW temperatureatbothstationsincreasedrapidlyastheMach -
numberincreased.Theheat~ ratesdecreasedsomewhatduringthecoasting
periodbetween17.7secondsandX).5seconds,butincreasedagainwhenthe
sustainermotorfiredat20.5seconds.Thelargedifferenceh themaxi-
mumtemperaturesatstations6.5and29indicatesdifferenttypesof
boundarylayeratthetwostationsaswillbenotedlaterfromtheheat-
transfercoefficients.Figure4(b)showsthetemperaturetimehistories
ofallthe.measurementstationsduringtheperiodofstrongaerodynamic
heatingandMgh Machnumberfrom15secondsuntilthethermocoup=telem-
eterfailed.Thetemperaturesatstations9.5andU.O werelowerthan

c atstation6.5,butatthefurtherrearwardstationsthetemperatures
wereprogressivelyhigher.Atthetwomostrearwardstations(25and29),
thetemperaturesweresimilar.Therathersharpchangesh slopeofthe. curvesforthetitermedd.atestationsindicatechangesfromI.adnartb

. . . .. . . . . -.. —.—— ..——— — .———-— ——. .— -- -— - —
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turbulentboundsrylayerorviceversa.Thecharacteroftheboundsry
layerandthelocationoftransitioncanbedeterminedbestfromthe
heat-transfercoefficientsandwillbediscussedsubsequently.

HeatTransfer

Localheat-transfercoefficientsintheformofStantonnumberwere
reducedfromtheskintemperaturetimehistoriesasdescribedinthesec-
tionon‘tDataReduction’tforseveraltimesduringthehighMachnumber
portionoftheflightafter15seconds.Heat-trsnsferdatawerenot
reducedfortimespriorto15secondsbecauseofthelowheatingrates
asmentionedpreviously.-es 5(a)to5(i)s~w the~UeS Of C%
obt-d atstations6.5,9.5,11.o,12.5,14.0,15.5,17.0,25.0,ani29,
respectively.ThedataexeplottedagainsttimebecauseMachnumber,
Reynoldsnumber,andtheratioofwaJJ.temperaturetolocalstatictem-
peratureallvaryshnultaneouslyduringthetest;thusitwasimpossible
toisolatetheirindividualeffectson ~. Thevariationoftheseparam-
eters,~, Rv (basedonlengthfromthenosetiptothemeasurement
station),andthetemperatureratioTw/Tvareplottedforewh statio%
against the sametime scaleasthe experimentalvaluesof ~. Thelocal
Machnumberisidenticalforeachstationbutisrepeatedoneachfigure
forconvenience. .

Forcompszisonwiththeexpertiental~ data,theoreticalvalues
oflaminarCH endofturbulent~ forthetestconditionsme also
plotted.Thetheoreticallaminsrvalueswereobtainedfromtheflat-
pla.tetheoryofreference10,multipliedby @ toconverttoconical
values.Thetheoreticalturbulentvaluesof CH weredeterminedby
firstobtainingvaluesof q fora coneusingtheturbulentflat-pkte
theoryofreferenceXl_sndthemethodofreference12toconvertto
conicalflow.TheK@t-platetheoryofreferenceU wasusedb theform
assumingthev-on&man mixinglengthMW assuggestedonpage16ofref-
erence13. Theconevaluesof cf wereconvertedto CH bytherela-
tion ~= 0.6cfaccordingtoreference14. Itistobenotedthattms
theoreticalpredictionofturbulentCE ona coneassumesturbulent
boundarylayerflromthenosetip.

Thetimehistoriesofexperimental.~ forstations6.5,9.5,and11.
. (figs.5(a),5(b),and5(c))showthattheboq layerwascontfiu~~

hminaratthesestationsduringthetestperiodfrom15.0secondsto
23.4seconds.Duringthistime,thelocalMachnumbervariedfrom1.42
to4.65,thelocalReynoldsnumbervariedfrom4x 106(minimumforsta-
tion6.5)to18x 106(~ forstationU.),andthetemperature .

!?%E3E--‘-
-I/q”,q7
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ratioTWITVateachstationincreasedfrom~out1.2toapproximately
2*O.Ovekthiswiderangeofconditions,thereisfairagreementbetween
lsminartheoryandtheexperimental~ dataforeachofthesethree
stations,withthelsrgestdiscrepanciesgeneraUyoccurringattimes
nesr15secondswhentheaccuracyoftheexperimentaldataispoorest
becauseofthesmallslopesofthetemperature-thecurves.(See
fig.k(b).)

Atstations12.7,14,15.5,and17(figs.5(d),5(e),5(f),and
~(d)~thedata=re~fa~ =eement~ththe lsminartheoryuntil
t = 17.0seconds.As Rv approacheditsmaximmvalue,whichoccurred
at17.4seconds,the CH valuesateachofthesefourstationsincreased
towsrdsturbulentmagdtude,andlater,duringtheperiodofdecreasing
~, returnedtolsminarmagnitude.The~est valuesof CH atsta-
tion”12.5weretransitional(halfwaybetweenlaminarandturbulent),
whereasatstations14,15.5,snd17,theywerein&qgeementwithtur-
bulenttheorybasedonlengthfromthenosetip,althoughturbulentflow
obviouslydidnotstsrtatthenosetip.Therisein @ apparently
beganshmdtaneouslyatthesefourstationsandthereforeatdifferent
valuesof Rv ateachstation.At17.0seconds,valuesof ~ were
18.5x 106snd25.2x106atstations12.5and17,respectively.However,
themorere~ d stations(ofthisgroupoffour)remainedturbulent
longer,sothatthevaluesof Rv when ~ .againbecsmelsadnsrwere
approximatelythesameateachstation(19.2x 106,18.6x 1.06,18.8x 106,
and20.6x 106atstationsU.5,14,15.5,and17,respective~).king
theremainderofthetest,Rv remainedlessthanthesevalues,and @
atstations12.5and14wereconttiuouslyinagreementwithlaminartheory,
whereasatstations15.5snd17,thedatatendedtobesomewhatabove
laminartheory. .-

Thedatafor.thetwomostresrwsrdmeasurementpoints,stations25
snd2g,areshowninfigures5(h)and5(i).Theheat-trensfercoefficients
werelaminaratstation25untiltheintervalbetween16.5and16.75sec-
ondswhentherisetowardturbulentmagnitudebeganatthisstation.The
valueof Rv - 33x 106at16.75seconds.Althoughtransitionalflow
begsnapparentlysimultaneouslyatthefourpreviousstations,thefact
thatitbegan0.25secondesr~eratthisstationdiscountsthepossibility
thata Usturbance,suchaaangleofattack,initiatedtransitionallalong
thenose.After~ rosetoturbulentmagnitudeatstation25,itwas
h fairagreementwithturbulenttheorybasedonlengthfromthenosetip
dur~ theremainderofthetest,exceptfortransitionalvaluesnear
20.5secondswhenRv decreasedtoitsmimimumvalueof24.5x 106..
Thismhilnumwasnotaslowasthe Rv valuesofabout20x 106atwhich
thefourpreviousstationsbecsmelsminsr.

-.

_.. . --. .—... -—. — —. - .— — -—— ___. _—-—— . —
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Atstation29, ~ wasturbulentortransitional.even‘Wingthe .
earlypartofthetestperiod.Althoughstation25waslaminaratvalues
of Rv ashighas~x106 (t= 16.5seconds),station@ wastransi-
tionalat ~= 22X 106 (t= 15.5seconds).Afterthetimeofmax.i-
mm Rv, @ forthisstationwasconsistentlyh goodagreementwith
theturbulenttheorybasedonlengthfromthenosetip,withnoindica-
tionoftransitionalflowas ~ decreasedtotheminimumof28.5xu6.

Accordingtothetheoryofreference12,skinfrictionandheat
transferonconesh supersonicflow=e functionsonlyofthelocalflow
conditions,andindependentofconesngleassuch.Therefore,theheat-
transferdataobtainedfithepresent’15°noseconecanbecompared
directlywithmeasurementsonthe10°conesofreferences1,2,and5
atsimilarlocal-flowconditions.Datafromthesereferencesareplotted
onfigures5(e),5(h),and5(i)forcomparisonwiththepresentmessme-
ments,andtableI Mststhelocalcotitionsforthereferencedataand
forthepresenttest.

Infigure~(e),itistiterestmtonotethatthedataofrefer-
ence5 showladnarheattransferchangingtoturbulentmagnitudeand
thenbacktolsminarastidthepresentdataduringthisparticularvari-
ationoflocslconditions.Thelaminarmeasurementfromreference5
plottedat16.5secondsisingoodagreementwiththepresentdata.In
figure5(h)itisseenthafthepresentdataarelaminarortransitional
atsomecotitionsforwhichdataof’reference5weretmbulent;however,
whenthepresentdatawereturbulent,theywereingoodagreementwith
ttititsofreference5. Figwe5(i)showsthattheturbulentdataof
references1 and2“areingoodagreementwiththepresentmeasurementsat
similaxlocalflowconditions.

TRANSD?ION

Thelocationoftz%nsitionandthecomparisonoftheexperimental
datawithlaminsxsndturbulenttheoryalongthenoseatparticulartimes
arebestseenintheplotsoffigure6,whichshow~ againstlength
alongtheconeateacht~ forwhichdatawerereduced,Itisawarent
fromtheseplotsthatthelossofdatafromstation21,whileunfortunate,
isreallysignificantatonlya fewtimes,suchas19.0secondswhenthe
transitionfromlaminartoturbulentflowtookplacebetweenstations17
~d 25.

I?mm
test,the
len@hof

figure6,itcanbeseenthatoverthecompleterangeofthe
Unninartheorycloselypredictedthelevelandtrendwithnose
thelaminsr~ data,whichattimesextendedasfarbackas

—..—— ---- . . . . ..
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station25(tktis,tws 15.5secondsto16.5seconds).surprising~,
theturbulenttheory,basedonlengthfromthenosetip,predictedalmost
eqpalllywellthelevelandtrendwithnoselength(thatis,Reynoldsnum-
ber)ofthefullyturbulentCH data.

Itwouldbeexpectedthattheturbulenttheorybasedonlengthfrom
thenosetipwouldunderestimateturbulent‘CH behinda transition
occurringata reasonablylargeReynoldsnumber,asinthepresenttest,
sincelengthfromthenosetipwouldbemuchmorethantheeffective
turbulentlength,thatis,thelengthrequiredtodevelopthe existing
momentumthicknessassumingturbulentgrowthrate.Forinstance,the
effectiveturbulentlengthat18.0secondswascomputedtobe0.67inch,
usingtheassumptionthatVanRriest*sconetheory(ref.1.2)is~
forturbulentflowona frustumofa cone.Thus,theeffectiveorigin
oftheturbulentbouudsrylayerwasatstation13.33or0.67inchahead
ofthetransitionstation(station14).TheVanDriestturbulenttheory
forconesbasedonlengthfromthisoriginisplottedfortime18.o sec-
ondsh figure6(d).Thetheorybasedonlengthfromthebeg- of
transition(station14)is-O shownforcomparison.Itisobviousthat
eitherofthesemethodswouldhaveoverpredictedalmostdl, ifnotall,
oftheturbulent~ dataobtainedinthistest.

Itisti%erestxtonotethatattheearlierttis (15to17sec-
onds)thesldntemperatureswereapproximatelythesameatelllstatims
excepttherearmost,whereasafter17.75secondsgradientseslargeas
100°F perinchexistedalongtheskin.(Seefig.4(b).) Nevertheless,
nosigntPicentvariationisapparentinthe CH distributionsoffig-
ure6 whichmightbeattributedtotheinfluenceofsurfacetemperature
distribtiion,andthetheories,whichassumeisothermalsurfaceconditions,
agreeequallywell.withthemeasurementsattimesoflargeandsmaU
gradients.

Figure6 showsthatthere’wasconsiderablevariationintheextent
oftransitionalflowalongthenose,bothinReynoldsnunberandintis-
tance.Forinstance,at17seconds,theflowwastransitionalforat
lesst~ inches(station17tostation~), equivalenttoa Reynolds
numberspanof17.9x 106;whereasat17.5secondstheflowwsstransi-
tionalonlybetweenstationsU snd14,a distanceof3 inchesandequiv-
alenttoaReynoldsnumberspanof4.82x 106.Thevariationinextent
oftransitionalflowdoesnotseemtocorrelatewithanyofthebasic
variablessuchasMachnumber} /Rvft,ortransitionReynoldsnumber.

ValuesoftransitionReynoldsnumberRtrjdefinedhereinaslocal
Reynoldsnumberatthebeghdngoftramitionfromlaminsrtoturbulent
flow,weredeterminedfromthe @ distributionsoffigure6 andare
notedthereon.Thebeginningoftransitionwasassumedtooccuratthe
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mostrearwardmeasurementstationha- a laminarCH tiue. ~tm .
lsminar~ mayexistsomewhatdownstreamofthelastlaminarmeasure-
mentstation,thestationspacingissuchthatwithoneexceptionRtr
determinedinthismannercouldbenomorethanabout10percenttoo
small.Theexceptioniswhenstation17wasthemostrearwardlaminar
station,inwhichcaseRtr couldbeasmuchas35percentgreaterthan
thevaluebasedonstation17(becauseofthelossofdatafromstationZ.).
IUfigure6, Rtr isnotedonthebasisofthelastlsdnarstation,but
insubsequentfigureswherevaluesof Rtr areplotted,theprobable
rangeof l$-risindicatedforthecaseswherestation17wasthemost
rearwardlaminarstation.Becausedeterminationofthebeginningof
transitionat21.5 and22.0 secondswouldbeveryarbitrary,novalues
of Rtr havebeenspecifiedforthesetimes.

Infigure7,thetemperatureratioTw/% atthetransitionstation
isplottedsgdnstlocslMachnumber.Duri&gthelargeincreaseinMach
numberfrom1.42to3.84,TWITVremainedaboutconstantat1.2;and
duringtheincreasei.nMachnwnberfrom3.33to4.64,TWITVwasapproxi-
matelyconstantnear2.4.Dur@ thecoastperiod,TV/Tvrosefrom1.23
to2.27whereasthedecreaseinMachnumberwasrelativelysmall(from3.84
to3.33).Thispatternmakesitpossibletoplotthevariationof Rtr
withMv atnearlyconstant~lTv,anditsvariationwith TWITVat
approximatelyconstant~, asisdoneinsubsequentfigures.

Thevaluesof R~ correspondingtoeachpointarenotedinthe
figure.Thelsxgestvd.ueof Rtr was30.3x106andoccurredat
16.5secondswhen~ and Tw/Tvwere2.91and1.15,respective.
Thelowestvalueof Rtr was14.2x 106andoccurredat15.0seconds
whenMv and Tw/Tvwere1.41

Thebrokencurveinfigure
fora recoveryfactorof0.88.
begreaterwhen Tw waacolder
substantiatedbythedata.

and1.15, respectively.

/
7 showsthEvariationoftheratioTawTv
WhileitmightbeexpectedthatRtr would
tithrespectto T&w,thistrendisnot

/
Conditionsof Mv ad TwTv belowthesolidWe arethosefor

theoreticallyinf~te stab~ty”ofthelaminsrboundarylayerfortwo-
dimensionaldisturbances.,asgivenbyreference15. AstheMachnumber
increasedfrom1.42to2.91andthetestconditionspro~essedintothis .,
stabi13.tyregion,Rtr ticreasedconsiderably;butthistrendreversed
asthetestconditionswentfartherintotheregion.Asstatedpreviously, ,

y’y

_.— _-.. -—..— —
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theplottedvaluesof Tw/Tvsrethoseatthetransitionstations;but
atmoreforwardstations,TWITVgenerallyhada lowervalue.For
instance,atthe 22.5seconds(M= 4.23,Rtr= 17.1x106)Tw/Tv
was2.4atthetransitionpoint,station15.5,butwaslesstti-2.0at
all.measurementpotitsfromstation12.5forward.~ tiue TWITV=2.4
isconsiderablyoutsidethetwo-UmensionaJ-stabilityregionat l&
of4.23,whereasthevaluesoflessthan2.oarewithinit. Theinfluence
on Rtr ofsuchvariationsof TWITValongthesurfaceisnotknown.

Anefiensionofthe two-dimensionalstabilitytheory,madebyl.lunn
andLin(ref.16),indicate$thatinfinitestabili.tytothree-dimensional
disturbancesdoesnotexistatanycotitionof ~ and TWITV,altho@
stab~tytoverylsrgeReynoldsnumbers(-lo~)mightbeobtainedat
somewhatcolderwallconditionsthanthoseforinfinitestabilitytotwo-
dimensionaldisturbances.Tbetemperature-ratiocotitionwascomputed
inreference16tobe1.474for~ch number4. Althougha conditionof
TwlTv= 1.23 at ~= 3.84wasobtahedduringthepresenttest,the
corresponding=~ of Rtr W= 0~ 17.7x 106.

Figure8(a)showsthevariationoftheexperimentalvaluesof ~r.
withM+ duringthetwoperiodsofapproximatelyconstantT~Tv noted
infigure7. Theopensymbolsme fora temperature-rationeti1.2,
whereasthesolidsymbolsarefora temperatureratioofapproximately
2.4.Thetimetowhichthedatacorrespondsndthetransitionstation
anditstemperdmreratiosxenotedinthekey.Asnotedpreciously,
thevaluesof Rtr maybetoosmsUincaseswherestation17waschosen
a8thetransitionlocation.Forthesecasestheprobablerangeof Rtr
isindicated.AUo, attimes15.0snd17.0seconds,thereissomedoubt
in-theselectionofthetransitionstat~on(seefigs.6(a)and6(c)),
and Rtr isplottedasa rangeforthesetimesalso.Thedatafor TWTV/
near1.2showthatRtr doubled~ Mv increasedfrom1.42t02.91,and
thendecreasedbyhaU as M increasedtc3.75.As ~ furtherincreased
tO 3.84, Rtr WasCOIIStaIlt. Itshouldbenotedthatthesevariations
in Rtr arenotdueexclusivelyto ~; foralthoughTw/Tvwasessen-
tiallyconstant,thewdl temperaturebecamecolderwithrespectto Taw
as l& increased.(Seefig.7.)

Fora temperaturerationear2.4,
constantfromMachnwnber3.61toMach
fora temperatureratioof1.2.

thevalueof ~ isessentially
number4.64andisc~setothat

TransitionReynoldsnumbersreportedinreference5 fora 10°total.
angleconeme alsoshowninfigwre8(a).Thetemperatureratiosfor
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thesedatawerefrom1.19to1.36.Thevaluesof Rtr wereabout~ per-
centofthepresentvaluesatMachnumbersbelow3;however,asinthe
presenttest,Rtr increasedwithMachnumberuptoa valueofMachnun-
beratwhich~r decreasedsharply.ThedecreaseoccurredbetweenMach
numbers3 and3.5inthepresenttestandnear3.5inthetestof
reference5.

Thevaluesof Rtr qbtatieddurmthecoastingperiod,while~lTv
wasincreasingandMachnumberwasapproximatelyconstant,areshownh’
figure8(b).TheMachnumberactua12yvariedfrom3.84to3.33aqshown
inthekey,butthisvariationislessthan*8percentfromanaversge
of3.55.Thetiuesof Rtr areplottedagainstthewall-temperature

(parameterTw-Taw)/Tso>wtichindicatestheaerodynamicheatingcon-
ditionmoreclesrlythantheratioTw/Tv.Atvaluesof (Tw-Tav)/Tso
from-0.1~to-0.23,theinfluenceofthetemperature’parameteron Rtr
isobscuredbytherangeofuncertaintyoftheme~ured~r. However,
itappearsprobablethatI& increasedsldghtlyasthetemperature

(parsmeterbecamemorenegativeinthisrange.Atvaluesof Tw- Taw)lTso
fYOM-0.~to -0.55Rtr seemsindependentofthetemperatureparsmeter.
Kko showninfigure8(b)sreflightmeasurementsof R~ atMachnum-
bersnear3.7onthe10°totalangleconeofreference5. Whilethese
valuesof ~r arelowerthaninthepresentcase,thetrendswithwall-
temperatureparsmeter
data.

appeartobesomewhatshilarinthetwogroupsof

COJRUTEDsKINTEMPERATm

InordertodeterminetheaccuracywithWhichtheexperimentalskin
temperaturescouldbepredicted,computationsofskintemperatureat
station11endatstation29weremadefortheflightconditionsbyusing
theoreticallaminsrandturbulentheat-transfercoefficients,respectively,
andbyassumdngauemissivityof0.3.Theresultanttemperaturetime
historiesme showninfigure9 alongwiththemeasuredtemperatures.
ThelaminartheorypredictedthemeasuredtemperatureatstationU with
amaAmm discrepancyofaboutkOO,andtheturbulenttheorybasedon
lengthfromthenosetipdidlikewiseforthemeasuredtemperatureat
station~.
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Measurementsofaerodynamicheattransferhavebeenmadeatnine “
stationsonthe31-inchlong1>0totalangleconicalnoseofa rocket-
propeUedmodelatMachnumbersupto5.2.Themsxtiunlocalllachnum-
berjustoutsidetheboundarylayerontheconewas4.65.LocalReynolds
numbersbasedonlengthfromthenosetiptoameasurementstationcovered
therangefrom3.8x106to46.5x 106.

Laminar,transitional,smdturbulentheat-trsmsfercoefficientswere
measured.Thelaminardataagreedwellwithflat-platelamblartheory
increasedby @ to.account.fortheconicalnoseshape.Theturbulent
dataagreedwellwithturbulenttheoryforsldnfrictiononconesusing
Reynoldsnumberbasedonlengthfromthenose’tip,andthemodified
Reynoldsanalog(Stutonnumberequslls0.6ofthelocalskinfriction
coefficient).

Reynoldsnumbersatthebeginningoftransition,determinedfrom
theheat-transfercoefficients,variedfrom14.2x10~to30.3x’M16.
Considerablevariationwasnotedtithelengthofthetransitionalregion.

.
Ata relativelyconstantratioofwalltostatictemperatureof1.2,

thetransitionReyno~ numberdoubledasMachnumberincreasedfrom1.42
to2.91andthendecreasedbyhalfasMachnumberincreaaedfrom2.91
to3.75.AsMachnumbercontinuedtoincreaseto3.84,thetransition
Reynoldsnumberwasconstant.

Atratiosofwalltostatictemperaturenesr2.4,thetransition
ReynoldsnumberwasessentiddyconstazitatMachnumbersfrom3.61to4.64,
andw- closetothevaluefora temperatureratioof1.2.

AtMachnumbersnesr3.5, thetransitionReynoldsnumberseemed
independentoftheskin-temperatureparsmeter,waXltemperatureminus
adiabaticwalltemperaturedividedbystagnationtemperature,atvalues
ofthetemperaturepsmmeterfrom-0.% to -0.55.

ThetransitionReynoldsnumberwas17.7x 106ata conditionof
Machnumberandratioofwelltostatictemperaturenem thatforwhich
three-dhensionaldisturbancetheoryhasbeenevaluatedandhaspredicted

( P)lsminarboundary-layerstabili~toveryhighReynoldsnuaibers-1 .

LangleyAeronauticalLaboratory,
NationslAdvisoryCcmmitteeforAeronautics,. LangleyMeld,Va.,June12,1956.

.
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TAXLE

FLIG3TCOND13?IONSOF

I

COMPARATIVEDATA

Stationlk(fig.5(e))

T&ne,sec

16.5
17.1
17.5
18.0
18.2
19.15

NACARML56F26

rM-v “Rv

2.9116.9.x 106
3.622L5
3.8422.4
3.7520.6
3.7019.9
3.5016.6

Tw/TT

1.16
1.a
1.52
1.77
1.80
1.91

Datafromreference5 (sta.14)

Tim@,sec

13.8
14.5
14.8
15.4
16.4
16.8 12.90 17.ox 1061.23

3.6721.0 1.32
3.E?o21.o 1.45
3.7819.6 1.73
3.7017.5 2.02
3.6 16.8 2.08

Station25(fig.5(h)) Datafromreference5 (sta.24)

T-, sec w Rv TWITVT~, sec Mv Rv ~ Tv

16.2 2.5426.4x~ 1.15 13.5 2.5725.5x1061.33
18.5 3.6333.5 2.15 16.0 3.7030.8 2*22
Z1.o 3.6125.7 2.62 18.0 3.6024.o 2.65

\ Station~ (fig.5(i)) Datafromreference1

Time,sec % % Tw/TvT~e, sec Mv Rv
ITVTv

15.7 2.0324.5x1061.20 2.3 2.0526.6x1061.10
16.5 2.9135.2 1.X 3.2 2.8236.5 1.39
m.~ 3.5229.5 . 2.65 1o.4 3.5il26.2 2.22

Station29(fig.5(i)) II Dataflromreference2

Time,sec w Rv Tw/TvTim@,sec * Rv T@%

16.15 2.6Q 31.3X1061.26 13.4 2.5Cl31.5X106l.q
17.15 3.6345.4 1.y 14.7 3.6045.5 1.63
18.65 3.6037.7 2.22 16.4 3.6037.8 2.35



I

i

I

I

I

I
I

I

-—
.-,

1

I ❑

L ..—
(a)PhotCwJwhofmodel.

Figurel.-Testcotiiguration.

..—. — ‘n. “;—-’----

/-

.——
——————

-- —-.._.
-.

t

-. _. ._. _ .—_— —. . .
_-. .

L-86679.1



10°
I

f
15° vi L

x 1 ohfumel(2)

Temperature-

Weld

Nose detail

(b) General configuration.

Figure l.-

Dimenslone are in inches.

Centinued.
%

ii

4 ,



NACARML56F26 21

.

.

I

I

~.“.,

“>
.

.. .,

t

t’
,

L-_

P .,.,,

I

\
. .

.—

(c)

.,... .. .
+.. .
.,. . b :-*.

%

b“ ..”-(,
,,?... .

) J-
‘L’”

..— — ,______ _ ..— - ---~

Modeland

Figure

L-87010
boostersonlauncher.

1.-Concluded.

—.— --— —..-—— ———— —- —



— —.

22

‘ ROper ft

M.

.

20

15

10

5

0

8

6

4

2

MCA m L56F26

0 4 8 12 16 20 24 28
t, sec

Figure2.-Testconditions. .

.



NACARML56F26 23

.

0 4 8

Figure3.-

12

Altitude

16 20
t,sec

the history.

.

.

24 28

—. .——. —-c. — --—.—. —. —



—. —— -— . .

24

Tw

NACAm L56F26

.

4,

“

.

0 4 8 12 16 20 24
t, sec

(a) tiations 6.5and 29.

Figure4.-Timehistoriesofskintemperatures.



4U
NACARML56F26 25

.

.

.

1rw

900

i

Station 65
Station 9.5
“Stotlon I[.0
Stotion 12.5

IllStation
- 800

I4.0
Stotlon 155
Station 17.0

15 16 17

(b)

18 19 20 ‘ 2[ 22 23 24
t, sec

Temperaturesafter15.0 seconds.

Figure4.-Concluded.

:~$qm?4?iJfi

—. —-—--— _. —__ —-—



26

Rv

Mv

4

,2

0

20

0

NACARM L56F26

.

20

16

12

8

4

n
“15 16 .17 18 [9 20

t, sec

(a)fiation6.5.

Figue ~.-The historiesof ~ atthe

21 22 23 24

measurement

—.

stations.

.



.

,

NACARM L56F26 27

20

Rv

o

Mv

t,sec

(b)Station9.~.

Figure5.- Continued.
.

—.. ..——.. . .. .. —.—. -——- — _— . ...— —.-— ———



28 NACARML56F26

20

Rv
o

Mv

(c)

Figure

t, sec

StationIL.

5.- Continued.

.“

.

., .



NACAFML56F26
.-

29

.
Mv

.

t, sec

(d)Station12.5.

Figure5.-Continued.

_.. ..-. .—.-—-— ——. .-— —— —— .— — —— . . . —— — ..-



30 NACARML56F26

b
Tv

Rv

Mv

CH

(e)

Figure

t,sec

Station14.

5.-Conttiued.

.



NACAFML56F26 31

4

TW
T2

o

40

Rv20

0

Mv

CH

.

t,aec

(f)Station15.5.

Figure5.-Cohtinued.

——. —.-.-. .-. —. — — — ——. -—-.



32

.— —— —..

-y.p-“.- -4
‘dk :- :~i -y
L----------- — ‘ J

NACARML56F26

.

.

Mv

CH

k)
Figure

t,sec

Station17.

5.-Continued.
.



NJ

.

.

mcA m L136F26

Rv

33

Mv

.

(h)

Figure

t,sec

Station~.

5.- Continued.



-.

34

Rv

mcA m L56F26

Mv

CH

(i)

Figure

t,sec

Station29.

5.- Concluded.

—



NACARML56F26

.

—— Turbulenttheory,ref.11

2

CH

I

o 4 8 12 16 20 24 28 32
X,in.

(a) Tties15.0, 15.5, and16.o seconds.

Figure6.- Distributionof CH alongthenose.

35

.—— —. ___ _. _ — ——-,.
>1.



36

$+

CH

NACARM L56F26

-— Turbulenttheory,ref.1.1
— —— Laminurtheorv.ref. iO

CH

(b)T-s 16.25,

Figure

X,in

16.5, and16.75

6.-Conti.nwd.

seconds.

.

.

.



.

NACARML56F26
r

37

.

w

CH

CH

c~

CH

(c)Times17.0,17.25,17.5,and17.75seconds.-
.

Figure6.- continued.

—.. —.— .—-— — — —. -—— —._ —__



.—-. .—

38

CH

CH

CH

NACAm L56F26

—— Turbulenttheory,ref.II

1

I

Is

10

$-l
5

0 4 8 12 16 20 24 28 32
X,in

(d)Times18.0,18.5,19.0,and19.-5SeCOndS.

Figure6.-Continued.

.

.,

—



NACARM

.

.

.,

L56F26

CH

CH

CH

c

. — — Turbulenttheory,raf.II
——— Laminartheory,ref. 10 ..

I

o 4 8 12 16 20 24 28 32
X,in.

(e) Times20.0, 20.5, 21.0, and 21.5 seconds. -

Figure6.- Continued.

39

— -. — _- _-—._..— ———— . .. ——— — .—-— .-— .—.



40

— — Turbulent theory,ref. II
.-. .-—A - —— Laminortheory,ref. 10

CH

.

rwcAm L56F26

. .

.

I

X, in.

(f) Times 22.0, 22.5, 23.0, and25.4seconds.

Figure6.- Cc)ncluaea.
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